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 Lactic acid has wide applications in food, feed, cosmetics and textile industries 
as well as in producing polylactic acid (PLA), a very promising biodegradable 
polymer. Lactic acid is commercially produced by microbial fermentation using 
starchy crops such as corn and cassava as the feedstock. To reduce the cost of 
feedstock and avoid competition with foods, the use of cheap, abundant and 
renewable lignocellulose as an alternative feedstock has received much attention in 
recent years. Lignocellulose is composed of cellulose (30-50%), hemicellulose 
(20-40%) and lignin (10-30%). In theory, all the lignocellulose sugars can be utilized 
as carbon sources for microbial fermentation, but xylose, the major component of 
hemicellulose sugars, cannot be efficiently metabolized by most lactic acid bacteria 
including Lactobacillus, which are extensively used in industry for starch-based lactic 
acid production  
    In this thesis, we investigated the feasibility of improving lactic acid production 
from pentoses by using L. pentosus, a commercially available lactic acid bacterium 
which is able to utilize xylose as the carbon source. L. pentosus was chosen as the 
model microorganism in our study because it has the ability of converting the 
non-conventional sugars such as xylose and arabinose into lactic acid and it has also 
widely utilized by researchers. Batch fermentations in 2 L fermenter using different 
carbon sources (glucose, xylose and arabinose) were conducted to determine the time 
courses of lactic acid production and cell growth of L. pentosus. It has been shown 
 XIII 
that L. pentosus ferments glucose by the homofermentative Embden-Meyerhof-Parnas 
(EMP) pathway giving lactic acid as the sole product, but it metabolizes xylose and 
arabinose by the heterofermentative phosphoketolase (PK) pathway, producing 
equimolar amount of lactic acid and acetic acid. At a sugar concentration of 20 g/L in 
MRS broth (according to De Man, Rogosa and Sharpe), the lactic acid productivity 
was 0.50 g/L·h from glucose and 0.32 g/L·h from xylose, and L. pentosus was unable 
to consume all the arabinose. For the fermentation using mixed sugars, glucose was 
first consumed by L. pentosus prior to xylose and arabinose. A shift in metabolic 
pathway from EMP to PK occurred accompanying the complete consumption of 
glucose and generation of acetic acid. 
 Immobilization of L. pentosus into calcium alginate beads was performed to 
increase cell density and reusability. To improve the rigidity of the ordinary calcium 
alginate beads, alginate-silica hybrid beads were prepared by dissolving 
tetramethoxysilane (TMOS) into the alginate solution during the bead preparation. It 
had been found that the L. pentosus cells entrapped in the alginate-silica beads gave 
almost the same lactic acid yield with those entrapped in the ordinary alginate beads, 
although the rigidity and cell leakage were slightly improved by using the hybrid 
beads compared to the ordinary alginate beads. It was also observed that no 
significant improvement in lactic acid yield was achieved in the cases of entrapping 
the cells in the beads compared to the case of free cells. 
 As xylose isomerisation to xylulose is the first step of xylose utilization by the 
lactic acid bacteria, commercial immobilized xylose isomerase was employed to 
 XIV 
promote the utilization of xylose by the L. pentosus. Batch fermentations in 2 L 
fermenter were performed at different initial xylose concentrations in MRS broths. A 
fixed bed reactor with permeable wall was designed, constructed and installed inside 
the 2 L fermenter. The immobilized xylose isomerase was packed inside the fixed bed 
reactor which was rotated together with the mechanical steer of the fermenter. At a 
xylose concentration of 20 g/L, xylose was completely consumed within 24 h in the 
novel bioreactor with immobilized xylose isomerase, but it took 72 h in the case 
without using the xylose isomerase (control). Similarly, the cells grew much quicker 
and better in the novel bioreactor than in the control. The lactic acid productivity in 
the novel bioreactor was 3.8 times higher than that of the control, and the lactic acid 
yield in the novel bioreactor was 1.3 times higher than that of the control and was also 
higher than the theoretical value based on the phosphoketolase pathway. The final 
lactic acid concentration of the novel bioreactor was 1.3 times higher than that of the 
control. When the initial xylose concentration was increased to 50 g/L, the xylose was 
completely consumed within 55 h in the case of the novel bioreactor, but there was 
still 15 % of the initial xylose unutilized in the control. The lactic acid productivity 
and yield were 2.9 and 1.2 times higher than those of the control.    
 The recyclability of the immobilized xylose isomerase was tested. It had been 
found that the activity of xylose isomerase dropped obviously after the first use of the 
enzyme, but remained almost unchanged afterwards. We were able to reuse the 
enzymes for 5 more cycles without obvious reduction of lactic acid yield and 
productivity.  
 XV 
 This novel bioreactor constructed here can also be utilized for other xylose 

























 Lactic acid is widely utilized in food, cosmetics and pharmaceutical industries.1 
In recent years, its demand has been increasing owing to its use as a monomer for the 
production of polylactic acid (PLA), a biodegradable polymer, as an environmentally 
friendly alternative to plastics derived from petrochemicals.2 Lactic acid can be 
commercially produced either from petroleum by chemical synthesis or from 
renewable resources by microbial fermentation.2,3 The chemical synthesis routes 
produce only racemic lactic acid while optically pure L(+)- or D(-)- or racemic lactic 
acid can be produced by fermentation using specific microbial strains.4 Thus, 
production of lactic acid by fermentation has gained much attention due to the 
environmental concern and gradual depletion of petrochemical resources.2  It is 
estimated that over 90 % of the commercial lactic acid is produced by microbial 
fermentation.5 
     Starchy materials are the primary carbon sources for the commercial production 
of lactic acid.6 Lignocellulose, however, has received much attention as an alternative 
for lactic acid production due to its rich availability and no conflict with food supply. 
Lignocellulose, primarily composed of cellulose, hemicellulose and lignin, cannot be 
directly utilized as a carbon source and needs to undergo pretreatment and hydrolysis 
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steps to yield fermentable sugars suitable for microbial fermentation. Hydrolysis of 
cellulose releases only glucose as the sole monomer, but the hydrolysis of 
hemicellulose gives a mixture of pentoses (D-xylose, L-arabinose) and hexoses 
(D-glucose, D-galactose, D-Mannose) with D-xylose being the major component 
(around 80 %).7 
 
1.2. History of lactic acid 
  The discovery of lactic acid as a chemical substance was the achievement of the 
chemist named Carl Wilhelm Scheele in 1780. Scheele isolated an acid from sour milk 
samples and initially considered it a milk component. He named the new acid after its 
origin Mjölksyra which means acid of milk.8  
  The first quantitative elementary analysis of lactic acid was reported in 1833 by 
Gay-Lussac and Pelouze who made the conclusion that the formula of lactic acid was 
C6H12O6 based on the copper oxide method. This is the formula of the dimer; the 
lactic acid today is presented by the formula C3H6O3.9 
  The era of fermentation technology began in the 18th century, when the study of 
lactic acid by Gay-Lussac, Fremy and F.Boutron in 1839 led to the finding of lactic 
acid as a fermentation product from sugar, vegetable and meat products. In 1857, 
Pasteur discovered a special ferment, a lactic yeast that was found when sugar was 
transformed into lactic acid and that it was not a milk component as mentioned by 
Scheele. Pasteur remarked that the origin of the lactic yeast present in the experiments 
could have been the atmospheric air and this led to the emerging science of 
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microbiology.10 The making pure culture of bacterium lactis by Joseph Lister11 in 
1860 had led to the naming of the lactic acid bacteria as Bacillus Delbrücki 
(systematic name Lactobacillus delbrueckii).12 The first commercial lactic acid 
production of an industrial chemical by fermentation process took place in the United 
States of America.13 
 
1.3. Production of lactic acid   
1.3.1. Chemical synthesis 
 The chemical synthesis routes gave racemic lactic acid. The commercial process 
for chemical synthesis is based on lactonitrile, which is a by-product from 
acrylonitrile synthesis (Scheme 1). It involves addition of hydrogen cyanide in 
presence of a base to acetaldehyde to produce lactonitrile which occurs at atmospheric 
pressure (a). The crude lactonitrile is recovered and purified by distillation. It is 
hydrolyzed to lactic acid by using either concentrated hydrochloric acid or sulfuric 
acid to produce ammonium salt and lactic acid (b). The lactic acid is then esterified 
with methanol to produce methyl lactate which is removed and purified by distillation 
(c). The methyl lactate is furthered hydrolyzed by water under acid catalyst to produce 






Scheme 1. Chemical synthesis of lactic acid. (a) Addition of hydrogen cyanide (b) Hydrolysis by 
sulfuric acid (c) Esterification (d) Hydrolysis by water 
 
1.3.2. Fermentation  
Fermentation processes are characterized by biological degradation of substrate 
(carbohydrate like glucose) by a population of micro-organisms into metabolites such 
as ethanol, citric acid and lactic acid.15 The desired stereoisomer of lactic acid can be 
produced by using a specific lactic acid bacteria. During fermentation, calcium 
hydroxide or sodium hydroxide is used to neutralize the acid produced and a calcium 
or sodium salt of the acid in the broth is produced. After removing the cell biomass, 
the filtrate which consists of calcium or sodium lactate is carbon treated. The filtrate 
is evaporated and acidified with sulfuric acid to yield lactic acid and the insoluble 
calcium or sodium sulphate which is removed by filtration.4 
 In the fermentation, a growth cycle is observed which is differentiated in 4 
different phases (Fig.1). In the lag phase, the organism is adapting to the new 
environment such as competing for the carbon source, and the net outcome is a cell 
that is capable of transforming chemicals to biomass. In the exponential (acceleration) 
phase, the cells multiply and are capable of transforming the primary carbon source 
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into biosynthetic precursors which are channeled through various biosynthetic 
pathways for the biosynthesis of various monomers. After the exponential phase, the 
cells enter the stationary phase and eventually to death phase where there is limitation 
of nutrients for the cell growth.16  
 
Fig. 1. Typical growth cycle of microorganisms in batch fermentation. 
 
1.3.3. Lactic acid microorganisms 
  Bacteria and fungi are the two groups of microorganisms that can produce lactic 
acid.17 While most of the lactic acid production are carried out by lactic acid bacteria 
(LAB), filamentious fungi such as Rhizopus also utilize glucose aerobically to 
produce lactic acid.18 Rhizopus species such as R. oryzae and R. arrhizus have 
amololytic enzyme activity which enable them to convert starch directly to L(+) lactic 
acid.19 Several authors have reported fungal fermentations. Park et al.20 produced 
lactic acid from waste paper using R. oryzae. Huang et al.21 produced lactic acid from 













produced lactic acid from glucose and starch using immobilized R. oryzae cells in a 
fibrous bed. Kosakai et al.23 cultured R. oryzae cells with the use of mycelial flocs 
formed by the addition of mineral support and polyethylene oxide. Although there 
have attempts made to produce lactic acid through fungal fermentation, LAB have 
been commonly used due to disadvantages of fungal fermentation like low production 
rate and low product yield.20,22 The microorganisms used in the recent work of the 
biotechnological production of lactic acid are listed in Table 1. 
 
Table 1. Microorganisms used in the recent work of biotechnological production of lactic acid. 
 
Microorganisms Lactic acid γ(g/L)  




Rhizopus Oryzae NRRL 395 104.6  0.9  1.8  20 
Rhizopus Oryzae ATCC 
52311 83.0  0.9  2.6  18 
Lactobacillus delbrueckii 
NCIMB8130 90.0  1.0  0.4  24 
Lactobacillus lactis  109.0  0.9  1.1  25 
Lactobacillus amylophilus 
GV6 76.2  0.7  0.8  26 
Lactobacillus plantarum 
ATCC 21028 41.0  1.0  1.0  27 
Lactobacillus casei NRRL 
B-441 82.0  0.9  5.6  28 
Lactobacillus rhammosus 
ATCC10863 67.0  0.8  2.5  29 
Lactobacillus salivarius sp. 






1.3.3.1. Lactic acid bacteria 
 Lactic acid bacteria (LAB) are a group of related bacteria that produce lactic 
acid as major product.31 LAB have the property of producing lactic acid from 
carbohydrates through fermentation.31 LAB consist of bacterial genera within the 
phylum Firmicutes comprised of about 20 genera, and they are of the Gram-positive 
genera: Carnobacterium, Enterococcus (Ent), Lactobacillus (L), Lactococcus (Lc), 
Leuconostoc (Leu), Oenococcus, Aerococcus, Pediococcus (Ped), Streptococcus (Str), 
Tetragenococcus, Vagococcus, and Weissella.31,32,33 Lactobacillus is the largest of 
these genera, comprising around 80 recognized species.31,33  
 Lactobacilli vary in morphology from long, slender rods to short coccobacilli 
which frequently form chains.33 Most LAB are facultatively anaerobic, catalase 
negative, nonmotile and nonspore forming and they produce lactic acid as the major 
end product during sugar fermentation.31 LAB can grow at temperatures from 5 oC to 
45 oC and are tolerant to acidic conditions, with most strains able to grow at pH 4.4 
(the optimum pH is 5.5-6.5).33  
 LAB have complex nutritional requirements due to their limited ability to 
synthesize their growth factors such as B vitamins and amino acids.7,19 Therefore, 
they require some elements for growth such as carbon and nitrogen sources in the 
form of carbohydrates, amino acids, vitamins and minerals.7 A typical media for the 
LAB growth is MRS broth (according to De Man, Rogosa and Sharpe) which is used 
for the enrichment, cultivation and isolation of all lactobacillus species.34 
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1.3.4. Metabolic pathways of lactic acid bacteria 
 Lactic acid bacteria ferment sugars via different pathways resulting in homo- and 
hetero-fermentation.7 Most LAB are strictly fermentative but are aerotolerant. Some 
streptococci, however, can use oxygen as H-acceptor and even form cytochromes 
under certain conditions.35  
 In homo-fermentation, LAB convert glucose almost exclusively into lactic acid 
via the Embden-Meyerhof-Parnas (EMP) pathway (i.e. glycolysis).35 EMP is the 
pathway where the glucose degrades into pyruvate.35 Since lactic acid is the major 
end-product of glucose metabolism, two lactic acid molecules are produced from each 
molecule of glucose 36 : Glucose         2 lactate (Fig. 2) 
        














In hetero-fermentation, LAB convert glucose to equimolar amounts of lactic acid, 
carbon dioxide and ethanol via the phosphoketolase (PK) pathway.35 In the PK 
pathway, ribulose-5-phosphate is formed via 6-phosphogluconate. Epimerization 
yields xylulose-5-phosphate, which is cleaved into glyceraldehyde-3-phosphate and 
acetyl phosphate by an enzyme, phosphoketolase. The acetyl phosphate is converted 
into acetyl-CoA by phosphotransacetylase, which in turn is reduced to ethanol while 
the glyceraldehyde-3-phosphate is converted to lactate. 35 
Glucose                lactate + acetate + ethanol + CO2 . (See Fig 3) 
  
 





















1.3.5. Pentoses fermentation 
 
 Lignocelluloses are the most abundant renewable natural materials present on the 
earth 37 and bioprocesses for converting lignocellulose to lactic acid are receiving 
increasing attention.38,39 The most abundant pentose sugars in hemicellulose include 
D-xylose and L-arabinose.37 While many microorganisms can efficiently ferment 
glucose, the conversion of the pentoses sugars has proven more difficult.40 
   The conversion of xylose and glucose to lactic acid requires the use of 
microorganisms suitable for each sugar.41 A few number of lactobacillus and 
lactococci are known to be xylose-fermenting lactic acid bacteria 42 and are reported 
in the literature for pentoses fermentation. Garde et al.43 investigated lactic acid 
production from wheat straw hemicellulose hydrolysates by L. pentosus and L. 
brevis. The authors reported that the concentrations of lactic acid produced by L. 
pentosus and L. brevis were 9 g/L and 10 g/L respectively when 20 g/L of xylose 
was added to the medium containing the untreated hydrolysate. Fukui et al.44 
reported that L. thermophilus produced lactic acid from xylose with 78 % yield by 
weight of consumed xylose. They also showed that 93 % of the consumed xylose 
was converted to lactic acid when intact cells of L. thermophilus were used. Tyree et 
al.45 reported the growth, substrate utilization and production formation for L. 
xylosus on glucose, xylose and that the yield of lactate was 0.88 g/g and 0.41 g/g 
respectively. They observed that no xylose was consumed in the presence of more 
than 3.3 g/l of glucose in the mixture of both substrates. Iyer et al.6 reported the use 
of L. casei subsp. rahmnous ATCC 10863 to ferment xylose and mixed sugars from 
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softwood hydrolysates. The yield of lactic acid from xylose is in excess of 80 % with 
the productivity of 0.38 g/L·h. Perttunen et al.46 reported the use of pretreated reed 
hemicellulose liquor as a substrate for lactic acid fermentation by L. pentosus and 
obtained a yield of 33 g/L after 48 h conversion. Bustos et al.47 used L. pentosus 
CECT-4023T to ferment 17.4 g/L of xylose and 11.1 g/L of glucose using 
hemicellulose hydrolysate of vine shoots to give 21.8 g/L of lactic acid. A list of 
lactic acid bacteria that are able to ferment pentoses is shown in Table 2. 
 
Table 2. Recent investigation of xylose utilizing strains in the lactic acid production. 
 
Microorganisms Substrates LA (g/L) 
 Yield 
(g/g) Reference 
L. xylosus  glucose 34 0.88 
 xylose 13 0.34 
45 
L. casei subspecie 
rahmnosus ATCC 10863 xylose* 65 0.8 6 
Enterococcus 
casselilflavus xylose + glucose 38 - 
Co-cultivation of E. 
casseliflavus and L. casei xylose + glucose 95 - 
41 
L delbruecki sp bulgaricus 
CNR2369 xylose 41 2.1 48 
L DSM 20605 MONT4, 
plasmid X1+XK+reg xylose 14 0.7 
 xylose+ glucose 11 0.55 
49 
L. pentosus CECT-4023T xylose - 0.71 50 
L. pentosus CECT-4023T xylose 21.8 0.77 47 
Lc. Lactis IO-1 JCM 7638 xylose 23 0.45 
 xylose+ glucose 28 0.7 51 
* xylose loading at 8%. 
 Fermentation of pentoses by lactic acid bacteria was first studied by Fred et al.52 
who investigated the acid production from D-xylose and L-arabinose in 12 strains of 
lactic acid bacteria isolated from corn silage and proposed that pentoses are 
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assimilated by lactic acid bacteria with the formation of equimolar amounts of lactic 
acid and acetic acid. In the xylose metabolic pathways of microorganisms, xylulose is 
the key intermediate. Xylose is either directly converted into xylulose by xylose 
isomerase or first converted into xylitol using xylose reductase followed by xylitol 
conversion to xylulose using xylitol dehydrogenase. Xylulose is then converted to 
xylulose-5-phosphate using xylulokinase and further metabolized by going through 
either the phosphoketolase pathway or the pentose phosphate pathway to give lactate 
and acetate. Xylose metabolism may shift between these two pathways according to 



































Fig. 4. Metabolic pathways of xylose fermentation to lactic acid 
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1.3.5.1. Utilization of xylose isomerase 
 
 In lactic acid bacteria, pentoses are metabolized via the phosphoketolase 
pathway.53 One of the pathways for D-xylose metabolism is the xylose isomerase 
pathway which catalyzes the reversible isomerisation of D-xylose to D-xylulose 
before entering the pentose phosphate pathway or D-glucose to D-fructose in EMP 
pathway (Fig 5). Interconversion of xylose to xylulose aids in the bioconversion of 
hemicellulose.54  
   
 
Fig. 5.  Xylose isomerase catalyzes D-glucose and D-xylose to D-fructose and D-xylulose 
respectively. 
 
 Xylose isomerase (D-xylose ketol isomerase; EC 5.3.15) is an intracellular 
enzyme found in bacteria that can utilize xylose as a carbon substrate for growth.55 It 
has the ability to use glucose as a substrate to convert it to fructose, therefore, xylose 
isomerase is often referred to as glucose isomerase commercially.56 Xylose isomerase 
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has widely been found in prokaryotes, and a large number of bacteria and 
actinomycetes are found to produce xylose isomerase. Examples of the lactobacillus 
species are L. brevis , L. buuchner , L. fermenti , L. mannitopoeus , L. gayonii , .L. 
plantarum , L. lycopersici and L. pentosus. Among the heterolactic acid bacteria, L. 
brevis produced the highest yield of enzyme.56 
 Immobilized xylose isomerase is commercially available and has been used in 
the production of high-fructose corn syrup in Japan and in United States.56 Ethanol 
production with xylose isomerase and yeasts has been reported by some authors.57,58,59   
                                        
1.4. Cell immobilization 
  The use of immobilized living cells as biocatalysts has become a new and 
rapidly growing trend in biotechnology.60,63 The immobilization of whole cells can be 
defined as the physical confinement or localization of intact cells to a certain region of 
space without loss of desired biological activity.16  Cell immobilization exhibits 
many advantages over the free cells such as maintain high cell concentration, reduce 
susceptibility of cells to contamination, relative ease of product separation and reuse 
of biocatalysts.60,61,62   
  There are many techniques to immobilize cells and they are surface attachment 
by adsorption onto a support material, entrapment within porous matrices, 
containment behind a barrier which uses membranes or microencapsulation and 
self-aggregation.16 Among these techniques, gel entrapment in gelled natural 
biopolymers are favored by numerous workers for various reasons such as 
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non-toxicity of the matrix, simplicity of immobilization techniques, high viability and 
productivity of the immobilized cells.63  
  The most common gel matrix used for lactic acid bacteria immobilization is 
alginate and has been reported in various lactic acid productions.62,64 Idris et al.65 
immobilized L. delbrueckii in Ca-alginate matrix and studied the effect of sodium 
alginate concentration, bead diameter, pH and temperature on lactic acid production. 
Goksungur et al.66 produced lactic acid from beet molasses by immobilized L. 
delbrueckii IFO 3202 in Ca-alginate gel and reported that the conversion yield to be 
90 %. Yoo et al.62 compared the method of entrapment and encapsulation of L. casei 
cells in Ca-alginate gels for lactic acid production. Shahbazi et al.67 compared the 
performance of immobilized B. longum and L. helveticus in Ca-alginate beads and on 
a spiral-sheet bioreactor. Boyaval et al.64 compared the performance of free and 
Ca-alginate-entrapped L. helveticus cells for the production of lactic acid from cheese 
whey permeate. Roukas et al.68 investigated the lactic acid production from 
deproteinized whey by coimmobilized L. casei and Lactoccocus lactis cells in 
Ca-alginate, κ-carrageenan, agar and polyacrylamide gels. Kurosawa et al.69 
coimmobilized Aspergillus awamori and Streptococcus lactis in Ca-alginate for the 
lactic acid production from starch. Dong et al.70 studied the lactate production by 
immobilized Lactobacillus casei in Ca-alginate. Other immobilization gelled matrix 
like κ-carrageenan71 , gelatin and chitosan are also reported.16 
  The major drawbacks in immobilized microbial lactic acid fermentations are the 
reduction of product formation due to accumulation of the by-products and loss of 
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stability of the beads due to the reduced pH of the medium during fermentation 64 as 
well as the contact with various chelating agents such as phosphate, citrate and 
lactate.62 
 
1.5. Uses and Applications of lactic acid  
 Lactic acid has gained much attention as a chemical with many potential 
applications due to its two functional groups (carboxylic and hydroxyl) that enable a 
wide variety of chemical reactions mainly condensation, esterification, reduction and 
substitution at the alcohol group.72  Using such reactions, lactic acid can be used for 
products in industrial applications and consumer products such as polymer for plastics 
and fibers; solvents for formulations and cleaning; and oxygenated industrial 
chemicals. Dilactide, which is commonly termed as lactide, is produced under 
condensation conditions such as by removal of water in the presence of acidic 
catalysts like tin and zinc oxides.72,73  Dilactide is used as a primary feedstock for 
polymerization to make high molecular weight polymers of lactic acid which is used 
for plastics and packaging applications. Polydilactide-based fibers are also used in 
specialty textiles and fiber applications.74 ‘Green’ solvents are derived from lactic 
acid derivatives particularly lactate esters of low molecular weight alcohols and they 
have a wide range of solvating and cleaning properties which can be used in specialty 
applications and commercial uses.75 Oxygenated chemicals such as propylene glycol, 
propylene oxide, acrylic acid, acrylate esters and other chemical intermediates can be 
made from lactic acid.4 Propylene glycol can be made from lactic acid by 
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hydrogenolysis technology 76 and further catalytic dehydration of propylene glycol to 
propylene oxide.77 A simplified flowchart of the potential products and technologies 




Fig. 6. A simplified flowchart of the potential products and technology. 
 
  There are four major categories for the current uses and applications of lactic 


























GRAS for food additives by US FDA4 and is widely used in food industry where it 
serves a range of functions like flavorings, pH regulation and mineral fortification. 
Meat and poultry industry also use lactic acid to increase shelf life, enhanced flavor 
and better control of food-born pathogens.81,82 Lactic acid provides natural ingredients 
for cosmetic application primary as moisturizer and pH regulators. They also possess 
other properties such as antimicrobial activity, skin lightening and skin hydration. As 
lactic acid is a natural ingredient in human body, it has become a useful active 
ingredient in cosmetic industry. Lactic acid is also used in pharmaceutical industry as 
an electrolyte in many parenteral/intravenous solutions as well as in mineral 
preparation including tablets, prostheses, surgical sutures and controlled drug delivery. 
Lactic acid and its salt are used increasingly in many types of chemical products and 
processes. It can function as a descaling agent, pH regulator and neutralizer. Lactic 
acid has high solvency power and solubility thus it is an excellent remover of polymer 
and resins.81,82  
Polylactic acid (PLA) is biocompatible and biodegradable semi-crystalline 
polyester that is commercially available. Generally, PLA has comparable mechanical 
performance to those petroleum-based polyesters, especially high elasticity modulus 
and high stiffness, thermal behavior, good shaping and molding capability. PLA is 
also classified as a water-sensitive polymer as it degrades slowly compared with 
water-soluble or water-swollen polymers.78 The stereochemistry of PLA is complex 
because of the chiral nature of lactic acid monomers. There are 3 types of PLAs 
namely PLLA poly (levo-lactic acid), PDLA poly (dextro-lactic acid) and PDLLA 
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poly (D,L-lactic acid) or poly (meso-lactic acid). Both PLLA and PDLA are 
semi-crystalline and have identical chemical and physical properties while PDLLA is 
amorphous with weak mechanical properties. The stereo-isomeric L/D ratio of the 
lactate unit influences the PLA properties such as thermal and mechanical.78,79 
Generally, an increased stereo-isomeric ratio decreases crystallinity and lowers the 
melting temperature. Thus controlling the ratio of L to D monomer content is an 
important feature of PLAs.78 PLLA has a melting point of 173-178 oC and by 
blending with PDLA, an increase of 40-50 oC in melting temperature can be observed. 
PDLA acts as a nucleating agent which increases the crystallization rate. However, 
PDLA has a slower biodegradation rate due to higher crystallinity.80 Blends of PDLA 
and PLLA is often used in wide applications such as microwave trays, woven shirts 
and engineered plastics. PLA is also used in biomedical applications as well as in 
food packaging.78   
 
1.6. Scope of the thesis 
 Production of lactic acid from microbial fermentation is the predominant route. 
The use of glucose as the main carbon substrate is well studied by most researchers 
but in the recent years, the study on pentoses as carbon substrate from lignocelluloses 
has also received much attention as an alternative feedstock for lactic acid production. 
However, few microorganisms can grow simultaneously on both pentose and hexose 
sugars. L. pentosus (ATCC 8041) was chosen as the model microorganism because it 
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has the ability of converting the non-conventional sugars such as arabinose and xylose 
into lactic acid effectively and it has been widely utilized by researchers. 
 This thesis reports the use of L. pentosus for lactic acid production from pentoses. 
To further improve the lactic acid production, we tried two ways: 1) Immobilization 
of cells by entrapment in alginate beads to increase cell density and reusability and 
compare them with free cell. 2) Using commercial xylose isomerase in simultaneous 



















RESULTS AND DISCUSSION 
 
2.1. Fermentation of xylose, arabinose and glucose in 2 L fermenter 
by Lactobacillus pentosus 
 
 In order to test the effect of sugars on the production of lactic acid of 
xylose-utilizing lactic acid bacteria, Lactobacillus pentosus (ATCC 8041) was chosen 
as a representative strain and the fermentation experiments were conducted in 2 L 
fermenter at an initial sugar concentration of 20 g/L.  
 
2.1.1. Time courses of lactic acid production from glucose, xylose and 
arabinose 
 For glucose fermentation (Fig. 7A), L. pentosus was able to metabolize all the 
initial starting glucose in 25 h giving a final lactic concentration of 11.6 g/L. The 
lactic acid yield and productivity were 0.7 g/g and 0.5 g/L·h, respectively.  For 
xylose fermentation (Fig. 7B), L. pentosus was also able to metabolize all the starting 
xylose in 33 h producing lactic acid at 10.3 g/L. The lactic acid yield and productivity 
reached 0.56 g/g and 0.32 g/L·h, respectively. In the case of arabinose, L. pentosus, 
however, was unable to fully metabolize the starting arabinose even after 53 h, giving 
only the lactic acid yield and productivity of 0.66 g/g and 0.17 g/L·h, respectively (Fig. 
7C). It is clear that glucose was consumed more rapidly than xylose and arabinose 
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within the first 10 h. This implies that L. pentosus is more favorable for fermenting 
glucose than xylose and arabinose. 
 The conversions of pentoses and glucose by L. pentosus have been proven to 
follow the phosphoketolase and EMP pathways (Figs 4, 2), respectively. The 
corresponding overall reaction equations are as follows: 
   C5H10O5     C3H6O3 + CH3COOH 
   C6H12O6    2C3H6O3 
 From Fig. 7A it is seen that glucose was completely depleted without the 
formation of acetic acid, indicating that glucose was fermented following the 
homofermentative EMP pathway. In contrast, in the cases of xylose and arabinose 
fermentations (Fig. 7B and 7C), acetic acid was produced together with lactic acid at a 
weight ratio of 40:60, which is well in line with the heterofermentative PK pathway.   
 Lactic acid is a primary metabolite, so its production depends on the microbial 
growth or cell concentration. Therefore, the cell growth was used to monitor the 
fermentation progress by measuring the optical density at 600 nm.  With the 
proceeding of the fermentation process, the cell density reached a maximum followed 
by gradual reduction as a result of the gradual depletion of the carbon sources and 
nutrients. In the case of arabinose, although there was still considerable amount of 
nutrients un-utilized, the cell density decreased rapidly which indicated that the cells 
began to die which might be caused by the low uptake affinity for arabinose than 





































Fig. 7A. Time courses of lactic acid fermentation using glucose as the carbon source. The optical 




































Fig. 7B. Time courses of lactic acid fermentation using xylose as the carbon source. The optical 





































Fig. 7C. Time courses of lactic acid fermentation using arabinose as the carbon source. The 
optical density (OD) was measured at 600 nm. 
 
2.2. Lactic acid fermentation using immobilized and free cells in 
shake flasks  
 For fermentation processes, the use of immobilized cells can increase the cell 
density, reduce the negative effect of shearing stress to cells and favor the recycle and 
reuse of the cells in comparison with the use of free cells. Forming calcium alginate 
beads is the most commonly used method for cell immobilization due to its safety, 
fastness, simplicity and cheapness. We used calcium alginate beads to entrap the L. 
pentosus cells and tested the fermentation behavior.  
 For immobilization of L. pentosus cells, the alginate beads were prepared by the 
conventional syringe method. Calcium chloride served as a hardening agent 
promoting the formation of beads. Calcium alginate beads are unstable when in 
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contact with cation chelating agents such as phosphate and citrate as they disrupt the 
alginate by stripping the bound calcium ions from the beads. The conventional MRS 
broth used for fermentation contained triammonium citrate and dipotassium 
phosphate, which would negatively affect the rigidity of the beads leading to the 
leakage of the entrapped cells. Thus, the MRS broth used in this study was slightly 
modified by replacing triammonium citrate with urea and using less amount of 
phosphate to minimize the negative effect of the fermentation broth to the rigidity of 
beads. It has been shown that the alginate-silica hybrid beads helped improve the 
rigidity of the beads minimizing the leakage of entrapped enzymes84, here we tried to 
entrap the lactic acid bacterial cells into hybrid beads to prevent the leakage of cells 
and improve lactic acid production. The size of the fresh beads with cells entrapped 
was in the range of 1.5-2.0 mm in diameter. During fermentation, the cells entrapped 
inside the beads started to grow and all the space would be occupied by the cells after 
some time, leading to the leakage of cells and possibly mass transfer limitation. The 
size of the beads after fermentation was increased to the range of 2.5-3.0 mm. (Fig. 8). 
 
                                
Fig.78. Photos of the beads before and after fermentation. The sizes of beads before and after 





 There were no significant differences in lactic acid yields among the three 
systems (Figs. 9A, 9B and 9C) using the free cells (0.81 g/g), the ordinary alginate 
beads (0.84 g/g) and the hybrid alginate-silica beads (0.82 g/g) and The presence of 
silica particles in the hybrid beads did not improve the lactic acid production, 
although it gave better results in reducing the leakage of enzymes.84 It is worth 
mentioning that during the flask fermentation, leakage of cells from both types of 
beads was observed with increasing the shaking time (Fig. 10). Obvious leakage of 
cells was observed at 7 h as the turbidity of culture broth obviously increased 
afterwards. The cell leakage from the hybrid beads was slightly less than that from the 
ordinary alginate, but the cell growth reached the peak at 30 h, regardless of the 
immobilized or free cells. We tried to conduct the fermentation experiments in a 2 L 
fermenter using the cells entrapped in the alginate beads with pH controlled at 6, but 
the beads collapsed gradually with the proceeding of the fermentation process, 
possibly due to the stripping of the calcium ions by phosphate and citrate as the 
chelating agents in the conventional MRS broth. Therefore, immobilization of cells in 
the alginate beads is not a good way of producing lactic acid using the conventional 


























































































Fig.810. Time courses of cell density of the fermentation broths using free cells and cells 





2.2.1. Observation of morphologies of immobilized cells 
 To compare the differences of morphology between the ordinary alginate beads 
and hybrid alginate-silica beads, SEM of the two types of beads after the flask 
fermentation was performed (Fig. 11).  The surface of the hybrid beads (Fig. 11B) 
still kept almost unbroken, but the surface of the ordinary alginate beads (Fig. 11A) 
was obviously destroyed as many holes were visible, indicating that the rigidity of the 
hybrid beads was improved due to the presence of the silica particles. This is also the 
reason of lower leakage of cells from the hybrid beads than from the ordinary beads. 
The cross-sectional morphology of the two types of beads (Figs. 11C, 11D) shows 
that the lactic acid bacteria were well entrapped as aggregates inside the beads, and no 




Fig. 11. SEM micrographs of ordinary alginate and hybrid alginate-silica beads after shake 
flask fermentation. Surface (A) and cross-section (C) of ordinary alginate beads, 





















2.3. Simultaneous xylose isomerisation and xylulose fermentation to 
promote lactic acid production from xylose 
 
 Converting xylose to xylulose by xylose isomerase is usually the first step of 
xylose metabolism for most bacteria and thus might be the rate-limiting step. If xylose 
is first converted to xylulose in-vitro by xylose isomerase, it would be easier for 
bacteria to digest xylulose simultaneously. This strategy has been proven to be 
effective in the case of ethanol production by xylose fermentation using 
Saccharamyces cerevisiae.85 Although the equilibrium of the enzymatic xylose 
isomerisation is unfavorable to xylulose (xylose/xylulose = 80/20 at equilibrium at 60 
oC), the simultaneous consumption of xylulose by the lactic acid bacteria will help to 
shift the equilibrium towards complete conversion of xylose.85 This may lead to a 
fungible process to produce lactic acid using conventional lactic acid bacteria L. 
pentosus ATCC 8041 and commercial immobilized xylose isomerase (also known as 
glucose isomerase). The feasibility of improving lactic acid production on xylose by 
simultaneous xylose isomerisation was first tested in 250 ml flasks without pH control. 







2.3.1. Effect of different quantity of xylose isomerase using shake flask 
fermentation 
 
 The feasibility of promoting lactic acid production on xylose by simultaneous 
xylose isomerisation and xylulose fermentation was first tested in 250 ml flasks without 
pH control for 3 days incubation at 30 oC (Fig.12).  
 It is clearly seen from Fig. 12 that the lactic acid productivity increased with 
increasing the amount of immobilized xylose isomerase, indicating that the lactic acid 
production was promoted by the simultaneous xylose isomerisation in vitro. The 
maximal lactic acid concentrations were 2.5 times (Lactobacillus pentosus ATCC 
8041) and 1.8 times (Lactococcus lactis subspecies ATCC 19435) of those of the 
controls without the exogenous xylose isomerase. Based on the strain from ATCC 
8041, the lactic acid increased was not so significant after 800 mg of xylose isomerase 
added, so we chosen 800 mg xylose isomerase for further study in a fermenter with 


























Fig.912. Effect of quantity of immobilized xylose isomerase in the lactic acid production without 
pH control for 3 days incubation at 30oC.  
 
 
2.3.2. Effect of pH using shake flask fermentation 
 
 Fig. 13 shows that the lactic acid production was not significantly affected by 
the initial pH of the broth in the shaking flasks in the pH range of 4 to 8. At a lower 
pHs of 2 and 3, no lactic acid was produced indicating the strong inhibition the lactic 
acid bacteria by the strongly acidic condition. As expected, the presence of 
immobilized xylose isomerase significantly increased the final lactic acid 
concentration (3.83 g/L) at an initial pH of 6. It is interesting to note that at pH 3, 
small amount of lactic acid was produced in the system with the added immobilized 
xylose isomerase but no lactic acid was observed in the system without the added 
immobilized xylose isomerase, possibly indicating that the lactic acid bacteria was 
able to digest xylulose but not xylose at lower acidic condition or the xylulose 
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produced by immobilized xylose isomerase helped improve the acid tolerance of the 


























Fig.1013. Effect of different pH range in the lactic acid production for 3 days incubation at 30oC. 
 
2.3.3. Effect of temperature using shake flask fermentation 
Fig. 14 shows that for both systems with and without added immobilized xylose 
isomerase, the optimal temperature was 30 oC, but the system with immobilized 
xylose isomerase gave a higher final lactic acid concentration (3.16 g/L) than that of 
the system without the immobilized xylose isomerase. In addition, the efficiency of 
the lactic acid bacteria dropped more quickly in the system without immobilized 
xylose isomerase than in the system with the immobilized xylose isomerase with 
increasing temperature. This might indicate that the simultaneous conversion of 
xylose to xylulose helped improve the temperature tolerance of the lactic acid bacteria. 
It is important to note that at 25 oC, the lactic acid concentration for systems with and 
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without xylose isomerase were almost the same, these might ascribed to the fact that 
xylose isomerase is most active at around 50-60 oC.86 No significant xylulose was 

























Fig.11 4. Effect of different temperature range in the lactic acid production without pH control 
for 3 days incubation.  
 
2.3.4. Lactic acid production in 2 L fermenter 
 In the shake flask fermentation, it had been found that 800 mg of immobilized 
xylose isomerase in 100 ml broth at initial pH 6 and temperature of 30 oC were the 
optimal conditions for the lactic acid production. In 2 L fermenter with 1 L working 
volume, 8 g of immobilized xylose isomerase was chosen accordingly. The 
immobilized xylose isomerase was directly dispersed in the fermenter under 
mechanical mixing.  
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 At the initial xylose concentration of 20 g/L (Figs. 15A, 15B), the xylose was 
completely consumed within 26 h and 33 h in the cases with and without the 
immobilized xylose isomerase, respectively. The cells grew quicker and better in the 
former case (with xylose isomerase). The maximal cell density of the former was 
almost 2 times higher than that of the latter (without xylose isomerase). The lactic 
acid productivity (0.45 g/L·h) of the former was 1.4 times higher than that (0.32 g/L·h) 
of the latter, and the lactic acid yield of the former (0.62 g/g) was also 1.1 times 
higher than that (0.56 g/g) of the latter. The final lactic acid concentration (11.6 g/L) 
of the former was also slightly higher than that (10.5 g/L) of the latter (Table 3). The 
weight ratio of lactic acid to acetic acid was close to 60:40 in both cases, indicating 
that the phosphoketolase pathway was utilized for the cleavage of xylose-5-phosphate 
(Fig. 4).  
 When the initial xylose concentration was increased to 50 g/L (Figs. 15C, 15D), 
the xylose was completely consumed within 28 h in the case with the immobilized 
xylose isomerase, but the xylose was hardly further consumed after 64 h and 10.6 g 
xylose /L still remained in the reactor in the case without the xylose isomerase. The 
cell density reached the highest at 28 h in both cases, but the former (with xylose 
isomerase) was 1.6 times higher than the latter (without xylose isomerase). The lactic 
acid productivity (0.74 g/L·h) of the former was almost 3 times higher than that (0.25 
g/L·h) of the latter and the lactic acid yield (0.47 g/g) of the former was also 1.1 times 
higher than that (0.43 g/g) of the latter. The final lactic acid concentration (21.3 g/L) 
of the former was obviously higher than that (15.7 g/L) of the latter (Table 3). The 
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weight ratio of lactic acid to acetic acid was also very close to 60:40 in both cases as 
predicted from the phosphoketolase pathway.  
Table 3.  Comparison of lactic acid yields, final concentrations and productivities between two 
fermentation systems, with and without xylose isomerase dispersed in different initial 
xylose concentrations. 
 


















20 0.56 10.5 0.32 0.62 11.6 0.45 
         
50 0.43 15.7 0.25 0.47 21.3 0.74 
         
100 0.44 20.8 0.26 0.48 37.3 0.65 
         
 
When the initial xylose concentration was further increased to 100 g/L (Figs. 
15E, 15F), the xylose consumption was stopped at 57 h with 13.8 g/L of xylose left in 
the case with the immobilized xylose isomerase. In contrast, in the case of without 
immobilized xylose isomerase, the xylose was slowly consumed during the whole 
time and there was still 44.1 g/L of xylose unconsumed at 77 h. The lactic acid 
productivity (0.65 g/L·h) of the former (with xylose isomerase) was 2.5 times higher 
than that (0.26 g/L·h) of the latter (without xylose isomerase), and the lactic acid yield 
(0.48 g/g) of the former was also 1.1 times higher than that (0.44 g/g) of the latter. 
The final lactic acid concentration (37.3 g/L) of the former was much higher than that 
(20.8 g/L) of the latter (Table 3). Similarly, the weight ratio of lactic acid to acetic 








































Fig. 15A. Time courses of simultaneous in-vitro xylose isomerisation and fermentation to lactic 
acid by L. pentosus ATCC 8041 at 20 g/L xylose without xylose isomerase. The optical 













































Fig. 15B. Time courses of simultaneous in-vitro xylose isomerisation and fermentation to lactic 
acid by L. pentosus ATCC 8041 at 20 g/L xylose with 8g of xylose isomerase. The 








































Fig. 15C. Time courses of simultaneous in-vitro xylose isomerisation and fermentation to lactic 
acid by L. pentosus ATCC 8041 at 50 g/L xylose without xylose isomerase. The optical 











































Fig. 15D. Time courses of simultaneous in-vitro xylose isomerisation and fermentation to lactic 
acid L. pentosus ATCC 8041 at 50 g/L xylose with 8g of xylose isomerase. The optical 




































Fig. 15E. Time courses of simultaneous in-vitro xylose isomerisation and fermentation to lactic 
acid by L. pentosus ATCC 8041 at 100 g/L xylose without of xylose isomerase. The 







































Fig. 15F. Time courses of simultaneous in-vitro xylose isomerisation and fermentation to lactic 
acid by L. pentosus ATCC 8041 at 100 g/L xylose with 8g of xylose isomerase. The 
optical density (OD) was measured at 600 nm. 
  
2.3.5 Lactic acid production in novel bioreactors 
 During the experiments of direct dispersing the xylose isomerase into the 2 L 
fermenter with 1 L broth, we observed that the immobilized biocatalyst was unable to 
uniformly disperse in liquid phase. Instead, most of the solid biocatalyst floated on the 
surface of the liquid phase, negatively affecting the mass transfer and process 
efficiency (Fig. 16). In addition, the mechanical stirring also negatively affects the 
rigidity of the immobilized biocatalysts. We also observed some debris of the catalyst 
in the broth after completion of the fermentation process. Therefore, to overcome 
these problems, a novel bioreactor for the SIF (Simultaneous xylose Isomerisation and 
Fermentation) was constructed (Fig. 17) and used to facilitate the recycle and reuse of 










Fig.1216. Photos of the fermenter with xylose isomerase directly dispersed in the broth. 
 
 
Fig.1317. Schematic diagram of a novel bioreactor for simultaneous xylose isomerization and 
fermentation (SIF). 
 
 We first designed and constructed 6 sets of fixed bed reactor (3 mm in diameter 
and 94 mm in length) with permeable wall and installed these 6 small fixed bed 
reactors packed with the immobilized xylose isomerase inside the 2 L fermenter (Fig. 
18). The small fixed bed reactors were rotated together with the mechanical stirrer of 
the fermenter during the fermentation process. In the system without immobilized 
Fermenter 
Fixed bed reactor 
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xylose isomerase, the lactic acid productivity and yield reached 0.23 g/L·h and 0.70 
g/g after 45 h, respectively, but in the system with the xylose isomerase, the lactic 
acid productivity of lactic acid yield were only 0.26 g/L·h and lactic acid yield of 0.75 
g/g respectively, so there was no significant improvement in both lactic acid 
productivity and yield, which was ascribed to the lower amount of xylose isomerase 
used (1.8g) in the 6 fixed bed reactors. 
 
 
Fig.1418. Photos of the constructed small fixed bed reactors and their installations in the 
fermenter. 
 
 Therefore, we designed a much bigger fixed bed reactor which was packed with 
65 g (± 2 g) of xylose isomerase. The structure of the fixed bed reactor, packing of the 
immobilized xylose isomerase and installation of the bigger fixed bed reactor inside 
the 2 L fermenter are shown in Fig. 19.   
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Fig.1519. Photos of the fixed bed reactor, packing of immobilized biocatalyst and installation of 
the reactor inside the fermenter.  
 
 From Fig. 20, it is seen that the xylose was completely consumed within 24 h in 
the case using immobilized xylose isomerase (Fig. 20B) in the novel bioreactor, but it 
took 72 h in the case without using the immobilized xylose isomerase (control), Fig. 
20A. Similarly, the cells grew much quicker and better in the novel bioreactor than in 
the control. The maximal cell density in the novel bioreactor was twice that in the 
control. The lactic acid productivity (0.58 g/L·h) in the novel bioreactor was 3.8 times 
higher than that (0.15 g/L·h) of the control, and the lactic acid yield in the novel 
bioreactor (0.71 g/g) was 1.3 times higher than that (0.54 g/g) of the control and was 
also higher than the theoretical value of 0.6 g/g based on the phosphoketolase 
pathway. The final lactic acid concentration (13.8 g/L) of the novel bioreactor was 
also obviously higher than that (10.6 g/L) of the control (Table 4). The weight ratio of 
lactic acid to acetic acid was increased to 70:30 in the case of the novel bioreactor but 
sill remained at 60:40 in the control. The higher lactic acid yield and increased ratio of 
lactic acid to acetic acid might indicate that the pentose phosphate pathway (Fig 4) 
was activated due to the accumulation of xylulose as the result of significantly 
increased amount of immobilized xylose isomerase used. Tanaka et al.53 reported a 
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shift of the phosphoketolase pathway to pentose phosphate pathway by the lactic acid 
bacterium Lactococcus lactis IO-1 at high xylose concentrations. 
 
Table 4. Comparison of lactic acid yields, final concentrations and productivities between two 
SIF systems using novel reactor, with and without xylose isomerase at different initial 
xylose concentrations. 
 


















20 0.54 10.6 0.15 0.71 13.8 0.58 
         




Fig. 20A. Time course of simultaneous xylose isomerase and fermentation to lactic acid by 
Lactobacillus pentosus ATCC 8041 in the novel bioreactor without xylose isomerase. 











































































Fig. 20B. Time course of simultaneous xylose isomerase and fermentation to lactic acid by 
Lactobacillus pentosus ATCC 8041 in the novel bioreactor with 65 g of xylose isomerase. 
The initial xylose concentration was 20g/L. The optical density (OD) was measured at 
600 nm. 
 
 When the initial xylose concentration was increased to 50 g /L (Fig. 21), the 
xylose was completely consumed within 55 h (Fig. 21B) in the case of the novel 
bioreactor, but there was still 15% of the initial xylose unutilized in the control (Fig. 
21A). The lactic acid productivity and yield were 0.55 g/L·h and 0.51 g/g, 
respectively, compared to those of only 0.19 g/L·h and 0.44 g/g in the control (Table 
4).   
 The use of large amount of immobilized xylose isomerase led to a higher lactic 
acid productivity and a higher yield than those predicted from the phosphoketolase 
pathway, indicating that the pentose phosphate pathway might be activated due to the 
accumulation of xylulose as a result of fastened xylose conversion to xylulose. It has 
  47
long been known that immobilized xylose isomerase require either Mg2+, Mn2+ or 
Co2+ ions for their activity and stability.86 The MRS broth contains Mg2+ and Mn2+, 
which could be further optimized to improve the activity and stability of the xylose 






































Fig. 21A. Time course of simultaneous xylose isomerase and fermentation to lactic acid by 
Lactobacillus pentosus ATCC 8041 in the novel bioreactor without xylose isomerase. 







































Fig. 21B. Time course of simultaneous xylose isomerase and fermentation to lactic acid by 
Lactobacillus pentosus ATCC 8041 in the novel bioreactor with 65 g of immobilized 
xylose isomerase. The initial xylose concentration was 50g/L. The optical density (OD) 
was measured at 600 nm. 
 
 To test the recyclability of the immobilized xylose isomerase, after each batch of 
fermentation, the broth was decanted and equal volumes of fresh MRS broth and 
inoculum were added to restart the SIF for the repeated usage of the immobilized 
xylose isomerase (Fig. 22).  
 Fig. 22 shows that the lactic acid productivity and yield obviously dropped after 
the first batch of fermentation and maintained almost unchanged afterwards. The 
reduction of productivity and yield might indicate that the acidic environment (pH 6) 
of the fermentation broth negatively affected the activity of the immobilized xylose 
isomerase, which shows maximal activity at pH 7- 8.86 The stable lactic acid 
  49
productivity was still higher than that (0.15 g/L·h) of the control, but the stable lactic 
acid yield (0.45 g/g) was slightly lower than that (0.54 g/g) of the control, which 
might be ascribed to the contamination of the system due to the use of the 
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Fig.1622. Lactic acid productivity and yield of the repeated simultaneous xylose isomerisation 
and fermentation by Lactobacillus pentosus ATCC 8041 in the novel bioreactor with 65 
g of immobilized xylose isomerase packed in a stainless fixed bed reactor with a 
permeable wall. After each batch of fermentation, the broth was decanted and equal 
volumes of fresh MRS broth and inoculum were added to restart the experiments. 
 













 Lactobacillus pentosus (ATCC 8041) was utilized to produce lactic acid from 
xylose, glucose and arabinose. In the case of glucose fermentation, the EMP pathway 
was utilized giving lactic acid as the sole product, but in the case of xylose and 
arabinose fermentation, the PK pathway was utilized giving equal molar amounts of 
lactic acid and acetic acid.  
 The immobilization of Lactobacillus pentosus cell in the ordinary calcium 
alginate beads and hybrid alginate-silica beads did not improve the lactic acid yield 
compared to using the free cells. But the bead rigidity and cell leakage of the hybrid 
beads were slightly improved compared to the ordinary beads. Therefore, 
immobilizing the lactic acid bacteria in alginate beads is not beneficial for producing 
lactic acid in the MRS broth compared to using free cells. 
 The lactic acid production from xylose was significantly improved by 
simultaneous xylose isomerisation using commercial immobilized xylose isomerase 
and xylulose fermentation. A novel bioreactor with a larger fixed bed reactor installed 
helps the recycling of the biocatalyst and is also favorable to improving mass transfer 
compared to directly dispersing the biocatalyst in the liquid phase. Much higher lactic 
acid productivity, yield and final broth concentration were achieved using the novel 
bioreactor with the immobilized xylose isomerase than using the conventional 
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fermenter without using the xylose isomerase. The immobilized xylose isomerase 
could be recycled for at least 5 times with stable lactic acid productivities and yields.  
The future research that we plan to do include: 1) design a more sophisticated 
bioreactor to facilitate a better mass transfer between the biocatalyst and fermentation 
broth which can save stirring energy; 2) optimize the hybrid process parameters such 
as substrate concentration, biocatalyst amount in fixed bed reactor, recycling of 
biocatalyst and metal ions concentration such as Mn2+, Mg2+ and Co2+; 3) apply the 

































 Sugars (D-xylose and L-arabinose), sodium alginate, calcium chloride, 
tetramethoxysilane (TMOS) and immobilized glucose isomerase from streptomyces 
murinus (also know as xylose isomerase) were purchased from Sigma Aldrich. MRS 
broth, MRS agar and Tween® 80 (polyoxyethylene sorbitan monooleate) were 
purchased from Fluka. All other chemicals were of reagent grade.  
 
4.2. Microorganism and cultivation broth 
 The microorganisms used were Lactobacillus pentosus (ATCC 8041) and 
Lactococcus lactis subspecies (ATCC 19435). The strains were maintained at 4 oC on 
MRS agar plates and sub-cultured weekly. 
The MRS broth, unless otherwise specified, contained (per litre): 10 g peptone, 
8 g meat extract, 4 g yeast extract, 2 g dipotassium hydrogen phosphate, 3 g sodium 
acetate, 2 g triammonium citrate, 0.2 g magnesium sulfate hetptahydrate, 0.05 g 
manganese sulfate pentahydrate, 1 ml Tween® 80 and 20 g D-glucose. Self 
preparation of the broth was required for D-xylose or L-arabinose at 20 g or at 
different sugar concentrations for the same composition as above. The broth was 
autoclaved at 121 oC for 20 min before use. For some experiments, the MRS broth 
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without D-xylose was first autoclaved followed by addition of filter-sterilized 
D-xylose solution to avoid the loss of xylose upon autoclaving. 
 
4.3. Immobilization of cells 
4.3.1. Modified MRS broth for fermentation using immobilization cells 
The compositions of the modified MRS broth for immobilized beads were as 
follows (per litre) : 20 g yeast extract, 0.5 g dipotassium hydrogen phosphate, 0.5 g 
potassium dihydrogen phosphate, 3 g sodium acetate, 0.2 g magnesium sulfate 
hetptahydrate, 0.05 g manganese sulfate pentahydrate, 0.5 g urea, 1 ml Tween® 80 
and 20 g D-xylose. The broth was autoclaved at 121 oC for 20 min before use. 
4.3.2. Entrapment of cells in ordinary alginate beads 
L. pentosus (ATCC 8041) was cultured in 10 ml of MRS broth for 16 h at 30 oC 
in a shaking incubator (MRC, model LM570 Germany). The cell pellets were 
collected and washed with 0.85 % saline solution. The cell pellets were resuspended 
with 0.5 ml of fresh modified MRS broth and mixed with 5 ml of 3 % sodium alginate 
solution. It was stirred for 10 min. The mixture was placed in a sterile syringe with a 
sterile needle and allowed to drop into 10 ml of cold sterile 0.2 M CaCl2 solution that 
was stirred continuously. The ordinary alginate beads were formed rapidly and 
allowed to harden for 1 h. The beads were collected by suction filtration and washed 
with sterile 0.85 % saline solution to remove excess calcium ions and untrapped cells. 
The beads were stored in sterile distilled water at 4 oC before use. The bead diameter 
ranged from 1.5-2 mm. 
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4.3.3. Entrapment of cells in hybrid alginate-silica gel beads 
 1 ml of TMOS was stirred vigorously with 5 ml of 3 % sodium alginate solution 
for 10 min and then mixed with the resuspended cell pellets to form a sol mixture with 
stirring for another 10 min.84 The mixture was placed in a sterile syringe with a sterile 
needle and allowed to drop into 10 ml of cold sterile 0.2 M CaCl2 solution that was 
stirred continuously. The hybrid alginate-silica beads were formed rapidly and were 
allowed to harden for 1 h. The beads were collected by suction filtration and washed 
with sterile 0.85 % saline solution to remove excess calcium ions and untrapped cells. 
The beads were stored in sterile distilled water at 4 oC before use. The bead diameter 
ranged from 1.5-2 mm. 
 
4.4. Lactic acid fermentations 
4.4.1. Fermentation conditions in 2 L fermenter  
 The fermentation was conducted at pH 6 with auto-addition of 2 M NaOH or 1 
M HCl in 2 L fermenter (Sartorius, model Germany). Agitation was set at 250 rpm 
and temperature at 31 oC as proposed by Moldes et al.83 Antifoam was auto-added 
when there was foam forming. Filter-sterilized nitrogen was bubbled at 0.4 L/min to 
maintain an anaerobic condition. 
4.4.2. Fermentation with free cells in 2 L fermenter  
L. pentosus (ATCC 8041) was cultured in 100 ml of MRS broth overnight for 
16 h at 30 oC in a shaking incubator. A working volume of 1 L autoclaved MRS broth 
(containing D-glucose, D-xylose or L-arabinose) was used in 2 L fermenter. The 
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inoculum (10% v/v) was added to start the fermentation.  
4.4.3. Fermentation of immobilized cells in shaking flasks 
The fermentation was carried out in 250 ml Erlenmeyer flasks containing 100 
ml of autoclaved modified MRS broth. The immobilized beads and free cells pellets 
(10% v/v) were added into the flasks which were flushed with nitrogen for 1 min and 
closed with glass stopper to maintain anaerobic condition.67 The flasks were placed in 
a shaking incubator at 200 rpm and 30 oC without pH control. 
4.4.4. Fermentation of immobilized xylose isomerase in shaking flasks 
 The fermentation was carried out in 250 ml Erlenmeyer flasks containing 100 
ml of autoclaved MRS broth with 20 g/L of D-xylose. L. pentosus (ATCC 8041) and 
Lc. lactis subspecies (ATCC 19435) were cultured in 100 ml MRS broth overnight for 
16 h at 30 oC in a shaking incubator. 10 ml of the cultured cells (10% v/v) were taken 
out and centrifuged to collect the cell pellets. The cell pellets were added into the 100 
ml MRS broth. The immobilized xylose isomerase (300 mg) was then added into the 
flask which was flushed with nitrogen for 1 min and closed with glass stopper to 
maintain an anaerobic condition. The fermentation flasks were placed in a shaking 
incubator at 200 rpm for 3 days. Parameters such as amount of immobilized xylose 
isomerase, pH and temperature were investigated. 
4.4.5. Fermentation of immobilized xylose isomerase in 2 L fermenter 
L. pentosus (ATCC 8041) was cultured in 100 ml of MRS broth overnight for 
16 h at 30 oC in a shaking incubator. A working volume of 1 L autoclaved MRS broth 
with 20 g D-xylose was used in 2 L fermenter. A weighed amount of xylose 
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isomerase was directly added into the fermenter. The inoculum (10% v/v) was added 
to start the simultaneous xylose isomerisation and fermentation. Different initial 
xylose concentrations were investigated. 
4.4.6. Fermentation using novel fixed bed reactor in 2 L fermenter 
L. pentosus (ATCC 8041) was cultured in 100 ml of MRS broth overnight for 
16 h at 30 oC in a shaking incubator. A working volume of 1.2 L autoclaved MRS 
broth with filter-sterilized D-xylose was used in 2 L fermenter. The designed novel 
fixed bed reactor was autoclaved before adding in the immobilized xylose isomerase 
(65  2 g) and attached onto the fermenter. The broth and the inoculum (10% v/v) 
were added to start the simultaneous xylose isomerisation and fermentation. Different 
initial xylose concentrations were investigated.   
4.4.7. Recyclability of immobilized xylose isomerase in novel fixed bed reactor 
 The used broth in the 2 L fermenter was decanted out by peristaltic pump. A 
working volume of 1.2 L autoclaved MRS broth with 20 g filter-sterilized D-xylose 
was added into the fermenter. The inoculum (10% v/v) was then added into the 
fermenter. The immobilized xylose isomerase was repeatedly utilized for at least 5 
cycles. 
 
4.5. Observation of morphologies of immobilized cells 
 L. pentosus cells entrapped in both ordinary alginate and hybrid alginate-silica 
beads were freeze-dried overnight and observed by scanning electron microscopy 
(JEOL JSM 6700F). Samples of the immobilized cells were sputtered with Au for the 
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SEM analysis under the following conditions: voltage 5 kV, emission current 10 µA, 
probe current 8 and working distance range from 6-7 mm. 
 
4.6. Sample preparations  
 Liquid samples were taken at different time intervals and centrifuged at 10000 
rpm for 10 min in an Eppendorf centrifuge for HPLC analysis.  
  
4.7. Analytical methods 
 The culture supernatants were analyzed for D-Xylose, D-glucose, L-arabinose, 
acetic acid and lactic acid concentrations by High Performance Liquid 
Chromatography (Shimadzu, model LC10ATvp) with a Bio-rad Aminex HPX-87H 
(300 mm x 78 mm) ion exclusion column. 20 µL of the filtered sample was injected 
and eluted with 5 mM H2SO4 at a flowrate of 0.6 ml/min at 30 oC. The detectors used 
were Refractive Index (RID 10A) and UV (SPD10AVvp) at 210 nm. Data were 
acquired with Class VP software. Calibration graphs for the synthetic sugars and acid 
were performed with the concentrations range from 0- 10 g/L and all graphs showed 
the regression of at least 0.998. The retention times for the synthetic sugars and acids 
were: D-xylose (9.66 min), D-glucose (9.03 min), L-arabinose (10.62 min), lactic acid 
(12.8 min) and acetic acid (15.5 min).  
Cell growth was monitored by measuring the optical density (absorbance) at 600 
nm using UV spectrophotometer (Shimadzu, Biospec 1601). 
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All the data were collected from at least two parallel experiments and the errors 
were within 10%. 
 
4.8. Calculation parameters 
 The reported lactic acid yield was defined as 1 g of lactic acid produced per g of 
sugar consumed.  
Lactic acid yield (g/g) = (g of lactic acid produced) / (g of sugar consumed) 
    The reported lactic acid productivity was defined as lactic acid concentration in 
g/L over the fermentation time in h at which all sugars were completely or almost 
consumed.  
Lactic acid productivity (g/L·h) = lactic acid conc (g/L) / time all sugars consumed (h) 






















BIBILOGRAPHY AND NOTES 
 
1 Varadarajan S, Miller DJ. Biotechnol. Prog. 1999, 15, 845-854 
2 Wee YJ, Kim JN, Yun JS, Ryu HW. Enzyme Microb. Technol. 2004, 35, 568-573 
3 Romani A, Yanez R, Garrote G, Alonso JL. Bioresour. Technol. 2008, 99, 
4247-4254 
4 Datta R, Tsai SP, Bonsignore P, Moon SH, Frank JR. FEMS Microbiol. Rev. 1995, 
16, 221-231 
5 Dumbrepatil A, Adsul M, Chaudhari S, Khire J, Gokhale D. Appl. Enviro. Microbiol. 
2008, 74, 333-335 
6 Iyer PV, Thomas S, Lee YY. Appl. Biochem. Biotechnol. 2000, 84-86,    
 665-677 
7 Hofvendahl K, Hagerdal BH. Enzyme Microb. Technol. 2000, 26, 87-107 
8 H.Benninga, (ed) A History of Lactic Acid Making. Kluwer Acedemic Publishers,  
 Dordrecht, Netherlands. 1990 pp.1-62 
9 ‘This is the formula of the double molecule, the lactic acid today is presented by the    
  formula C3H6O3’ ; cited from Ref 8 pp 17-18 
10 ‘a special ferment, a lactic yeast’, ‘origin of the lactic yeast present in the 
experiments could have been the atmospheric air’; cited from Ref 8 pp 45-47 
11 ‘making pure culture of bacterium lactis by Joseph Lister’; cited from Ref 8 pp 
50-52 
12 ‘lactic acid bacteria as Bac. Delbrücki (systematic name Lactobacillus delbrueckii)’;      
cited from Ref 8 pp 56-57 
  60
13 ‘the first commercial lactic acid production of an industrial chemical by  
  fermentation process took place in the United States of America’; cited from Ref 8 
pp 77 
14 Narayanan N, Roychoudhury PK, Srivastava A. Electron. J. Biotechnol. 2004, 7,    
  167-179 
15 Maher, M., Roux, G. and Dahhou, B. J. Chem. Technol. Biotechnol. 1995, 63, 153-  
  159. 
16 EL-Mansi EMT, Bryce CFA, Demain AL, Allman AR. (2nd ed) Fermentation  
  Microbiology and Biotechnology. CRC Taylor & Francis. 2007, pp 16-28; 287-361 
17 Litchfield JH. Adv. Appl. Microbiol. 1996, 42, 45 
18 Zhou Y, Dominguez JM, Cao N, Du J, Tsao GT. Appl. Biochem. Biotechnol. 1999, 
78, 401 
19 Oda Y, Saito K, Yamauchi H, Mori M. Cur. Microbiol. 2002, 45, 1-4 
20 Park EY, Kosakai Y, Okabe M. Biotechnol. Prog. 1998, 14, 699-704 
21 Huang LP, Jin B, Lant P, Zhou J. Biochem. Eng. J. 2005, 23, 265-276 
22 Tay A, Yang ST. Biotechnol. Bioeng. 2002, 80, 1-12 
23 Kosakai Y, Park YS, Okabe M. Biotechnol. Bioeng. 1999, 55, 461-470 
24 Kutzanmanidis C, Roukas T, Skaracis G. World J. Microbiol. Biotechnol. 2002, 18,  
  442-448 
25 Hofvendahl K, Hagerdal BH. Enzyme Microb. Technol.. 1997, 20, 301 
26 Vishnu C, Seenayya G, Reddy G. Bioproc. Eng. 2000, 23, 155-157 
27 Fu W, Mathews AP. Bioproc. Eng. 1999, 3, 163-170 
  61
28 Hujanen M, Linko YY. Appl. Microbiol. Biotechnol. 1996, 45, 307-313 
29 Berry AR, Franco CMM, Zhang W, Middelberg APJ. Biotechnol. Lett. 1999, 21, 
163-167 
30 Siebold M, von Frieling P, Joppien R, Rindfleisch D, Schugerl K, Roper H. Proc. 
Biochem. 1995, 30, 81-95 
31 Axelsson L. Lactic acid bacteria: classification and physiology. In: Salminen S, von    
 Wright A, Ouwehand A, editors. Lactic acid bacteria: microbiological and 
functional aspects. 3rd rev. and exp. (ed) New York: Marcel Dekker, Inc. 2004, 
pp1-66 
32 Stiles ME, Holzapfel WH. Int.J. Food Microbiol.. 1997, 36,1-29 
33 Reddy G, Altaf M, Naveena BJ, Venkateshwar M, Kumar EV. Biotechnol. Adv.. 
2008, 26, 22-34. 
34 de Man JC, Rogosa M, Sharpe ME. Appl. Bacteriol.1990, 23. 130-135  
35 Gottschalk G. (2nd ed ) Bacterial metabolism. Springer-Verlag, New York, 1986,  
  pp214-219 
36 Thomas TD, Ellwood DC, Longyear MC. J. Bacteriol. 1979, 138, 109-117 
37 Singh A, Mishra P. Microbial Pentose Utilization: Current Applications in  
  Biotechnology. Vol 33. Amsterdam – Lausanne - New York – Oxford – Shannon –    
  Tokyo 1995 
38 Hofvendahl K, Hagerdal BH. Enzyme Microb. Technol. 2000, 26, 87-107 
39 Tsao GT, Cao NJ, Du J, Gong CS. Adv. Biochem. Eng. Biotechnol. 1999, 65,  
  243-280 
  62
40 Otto, R. (2004). Patent No. EP20030100042 
41 Taniguchi M, Tokunaga T, Horiuchi K, Hoshino K, Sakai K, Tanaka T. Appl.  
  Microbiol. Biotechnol. 2004, 66, 160-165 
42 Hujanen M, Linko YY. Appl. Microbiol. Biotechnol. 1996, 45, 307-313 
43 Garde A, Jonsson G, Schmidt AS, Ahring BK. Bioresour. Technol. 2002, 81,  
  217-223 
44 Fukai S, Oi A, Obayashi A, Kitahara K. J. Gen. Appl. Microbiol. 1957, 3, 258-268 
45 Tyree RW, Clausen EC, Gaddy JL. Biotechnol. Lett. 1990, 12(1), 51-56 
46 Perttunen J, Myllykoski L, Keiski RL. Focus Biotechnol. 2001, 4, 29-38 
47 Bustos G, Moldes AB, Cruz JM, Dominguez JM. J. Sci. Food Agric. 2005, 85(3),  
  466-472 
48 El Sabaeny AH. Microbiogia. 1996, 12, 411-416 
49 Picataggio SK, Zhang M, Franden MA, Millan JD, Finkelstein M. PCT Int. Appl.  
  Patent 1997. WO97/13842 
50 Rivera OMP, Moldes AB, Torrado AM, Dominguez JM. Proc. Biochem. 2007, 42,  
  1010-1020 
51 Ishizaki A, Ueda T, Tanaka K, Standbury PF. Biotechnol. Lett. 1992, 14,599-604 
52 Fred EB, Peterson WH, Anderson JA. J. Bio. Chem. 1919, 39, 347-383 
53 Tanaka K, Komiyama A, Sonomoto K, Ishizaki A, Hall SJ, Stanbury PF. Appl.  
  Microbiol. Biotechnol. 2002, 60, 160-167 
54 Bhosale SH, Rao MB, Deshpande VV. Microbiol. Rev. 1996, 60, 280-300 
55 Chen,W. Proc. Biochem. 1980, 15, 30–35 
  63
56 Bhosale, Meng,M., Bagdasarian,M. and Zeikus,J.G.. Proc. Natl. Acad. Sci. USA.   
  1993. 90, 8459–8463 
57 Wang PY, Johnson BF, Schneider H. Biotechnol. Lett. 1980, 2, 273-278 
58 Ueng PP. Biotechnol. Lett. 1981, 3, 315-320 
59 Chiang LC. Biotechnol. Bioeng. Symp. 1981, 11. 263-274 
60 Scott CD. Enzyme Microb. Technol. 1987, 9, 66-73 
61 Kolot FB. Proc. Biochem. 1984, 19, 7-13 
62 Yoo IK, Seong GH, Chang HN, Park JK. Enzyme Microb. Technol. 1996, 19,  
  428-433 
63 Lacroix C, Paquin C, Arnaud JP. Appl. Microbiol. Biotechnol. 1990, 32, 403-408 
64 Boyaval P, Goulet J. Enzyme Microb. Technol. 1988, 10, 725-728 
65 Idris A, Suzana W. Proc. Biochem. 2006, 41, 1117-1123 
66 Goksungur Y and Guvenc U. J. Chem. Technol. Biotechnol.. 1999, 74, 131-136 
67 Shahbazi A, Mims MR, Li YB, Shirley V, Ibrahim SA, Morris A. Appl. Biochem.  
  Biotechnol. 2005, 121-124, 529-540 
68 Roukas T, Kotzekidou P. Enzyme Microb. Technol. 1991, 13, 33-38 
69 Kurosawa H, Ishikawa H, Tanaka H. Biotechnol. Bioeng. 1988, 31, 183-187 
70 Dong GQ, Kaul R, Mattiasson B. Appl. Microbiol. Biotechnol. 1991, 36, 309-314 
71 Buyukgungor H. J. Chem. Technol. Biotechnol. 1992, 53, 173-175 
72 Holten CH, Muller A, Rehbinder D.(ed) Lactic acid: Properties and chemistry of  
  lactic acid and derivatives. International Research Association, Verlag Chemie,  
  Copenhagen. 1971. 
  64
73 De Vries KS. Preparation of polylactic acid and copolymers of lactic acid. US  
  Patent 4707468. 1989 
74 Bulletin of the NatureWorks LLC, http://www.natureworksllc.com 
75 Opre JE, Bergemann EP, Henneberry M. Environmentally friendly solvent. US  
  Patent 6191087. 2001 
76 Adkins H, Billica HR. J. Am. Chem. Soc. 1948, 70, 3121-3125 
77 Fouquet G, Merger F, Baer K. Manufacture of Propylene Oxide. US Patent  
  4226780.1980 
78 Smith R.(ed) Biodegradable polymers for industrial applications. Woodhead  
  Publishing Limited. 2000. pp252-288 
79 Tsuji H, Ikada Y. Macromolecules. 1992. 25, 5719-5723 
80 Wikipedia of Polylactic acid, http://en.wikipedia.org/wiki/Polylactic_acid 
81 Bulletin of the Purac, http:// www.purac.com 
82 Bulletin of the Galactic, http://www.lactic.com 
83 Moldes AB, Torrado A, Converti A, Dominguez JM. Appl. Biochem. Biotechnol.  
  2006, 135, 219-227 
84 Wu JC, Wong YK, Chang KW, Tay CY, Chow Y, Talukder MMR, Choi WJ.  
  Biocatal. Biotrans. 2007, 25, 459-463 
85 Chandrakant P, Bisaria VS. Appl. Microbiol. Biotechnol. 2000, 53, 301-309. 
86 Hartley BS, Hanlon N, Jackson RJ, Rangarajan M. Biochim. Biophys. Acta-Protein  
  Struct. Mol. Enzymol. 2000, 1543, 294-335. 
 
